This study was designed to examine whether NO regulates protein glutathiolation. Exposure to NO donors increased protein glutathiolation in COS-7 or rat aortic smooth muscle cells as detected by anti-protein glutathione (GSH) antibodies. This process was reversible and saturable. Stimulation with acetylcholine (ACh) increased protein glutathiolation in isolated rat aortic rings. This was prevented by inhibiting endothelial NO synthase (eNOS). In ACh-treated rings, proteins showing positive immunoreactivity with the anti-PSSG antibody (Ab) were identified by matrix assisted laser desorption-time-of-flight mass spectrometry to be actin, vimentin, and heat shock protein 70. Purified actin was more readily glutathiolated by S-nitrosoglutathione than by oxidized GSH as determined by electrospray-ionization mass spectrometry, and nitrosylated actin was glutathiolated by reduced GSH. Relative to wild-type (WT) mice, increased protein glutathiolation was observed in hearts of mice with cardiac-specific expression of inducible NO synthase (iNOS). Proteins immunoprecipitated from transgenic hearts revealed GSH-adducted peptides corresponding to adenine nucleotide translocator and the ␣-subunit of F 1 F 0 ATPase. These data suggest that exogenous NO or NO generated by eNOS or iNOS regulates protein adduction with GSH. This could be due to a direct reaction of proteins with S-nitrosoglutathione or denitrosylation of S-nitrosylated proteins by reduced GSH. Glutathiolation of cytoskeletal and mitochondrial proteins may be a significant feature of NO bioreactivity. Key Words: iNOS-TG mice ⅐ aortic rings ⅐ endothelium-dependent relaxation ⅐ posttranslational modification ⅐ rat aortic smooth muscle cells NO is a pleiotropic signaling molecule involved in multiple processes that regulate smooth muscle cell relaxation, neurotransmission, platelet aggregation, cell growth, survival, differentiation, and apoptosis (1-4). The primary targets of NO signaling are hemecontaining proteins. NO nitrosates heme with high affinity, and this reaction accounts for the activation of soluble guanylate cyclase leading to smooth muscle cell relaxation and inhibition of platelet aggregation (5). Binding of NO to other heme proteins, such as cytochrome P450 (6, 7), NO synthases (NOS; refs 8, 9), and cytochrome c oxidase (10, 11), competes with oxygen and regulates drug metabolism, NO synthesis, and oxygen consumption by the mitochondria. Due to its radical nature, NO also reacts with other radicals, particularly molecular oxygen (12, 13), to yield N 2 O 3 , which is a potent nitrosating agent with high affinity for nucleophiles such as thiols (12, 14) . Although NO could induce a range of thiol modifications, S-nitrosylation has emerged as the most well-characterized effector mechanism by which NO reversibly regulates protein structure and function (15, 16). S-nitrosylation has been shown to regulate ion channel activities, enzyme catalysis, cofactor binding, and the proteinprotein interactions of a wide range of proteins (17). In most cases, however, S-nitrosylation is an inferred protein modification modality and the mechanisms and the implications of other sulfur oxidation products generated by NO remain to be fully assessed.
NO is a pleiotropic signaling molecule involved in multiple processes that regulate smooth muscle cell relaxation, neurotransmission, platelet aggregation, cell growth, survival, differentiation, and apoptosis (1) (2) (3) (4) . The primary targets of NO signaling are hemecontaining proteins. NO nitrosates heme with high affinity, and this reaction accounts for the activation of soluble guanylate cyclase leading to smooth muscle cell relaxation and inhibition of platelet aggregation (5) . Binding of NO to other heme proteins, such as cytochrome P450 (6, 7) , NO synthases (NOS; refs 8, 9) , and cytochrome c oxidase (10, 11) , competes with oxygen and regulates drug metabolism, NO synthesis, and oxygen consumption by the mitochondria. Due to its radical nature, NO also reacts with other radicals, particularly molecular oxygen (12, 13) , to yield N 2 O 3 , which is a potent nitrosating agent with high affinity for nucleophiles such as thiols (12, 14) . Although NO could induce a range of thiol modifications, S-nitrosylation has emerged as the most well-characterized effector mechanism by which NO reversibly regulates protein structure and function (15, 16) . S-nitrosylation has been shown to regulate ion channel activities, enzyme catalysis, cofactor binding, and the proteinprotein interactions of a wide range of proteins (17) . In most cases, however, S-nitrosylation is an inferred protein modification modality and the mechanisms and the implications of other sulfur oxidation products generated by NO remain to be fully assessed.
In addition to S-nitrosylation, NO could induce a variety of other modifications including S-thiolation, disulfide bond formation, and the formation of cysteine oxy-sulfur acids, i.e., sulfenic, sulfinic, or sulfonic acid derivatives (18 -20) . The formation of intramolecular or intermolecular disulfide bonds (21) by NO could affect not only the structure of individual proteins but also the reactivity between protein and nonprotein thiols. In agreement with this view, it has been shown that reactions between nitrosothiols and reduced thiols yield mixed disulfides in vitro (20) , suggesting that induction of protein-thiol mixed disulfides may be an important facet of NO biology. Indeed, several proteins such as aldose reductase, glyceraldehyde-3-phosphate dehydrogenase, cathepsin K, c-Jun, and calcium (Ca 2ϩ ) ATPase form GSH adducts when incubated with S-nitrosoglutathione (GSNO; ref 18) . In several instances, e.g., aldose reductase (22) , c-Jun (23) , and cathespin K (24) , glutathiolation by GSNO is nearly stoichiometric, localized to a specific cysteine, and results in changes in protein function, indicating that NO-mediated protein glutathiolation may be an important mechanism regulating protein activity. Increased glutathiolation of sarcoplasmic calcium ATPase in response to physiological NO generation has also been demonstrated (25) .
Despite this evidence, it remains unclear whether glutathiolation is a general signaling modality engaged by NO and how NO induces glutathiolation of specific proteins. Moreover, the identities of the proteins most abundantly glutathiolated by physiological increases in NO are largely unknown. Hence, the aim of the present study was to determine whether exogenous or endogenous NO generated by eNOS/inducible NOS regulates protein glutathiolation and to identify the proteins that are glutathiolated in NO-exposed cardiovascular tissue. Our results indicate that increasing NO synthesis promotes glutathiolation of cytoskeletal and mitochondrial proteins. Additionally, our mechanistic studies with actin suggest that protein-glutathione adducts could arise either as a result of a direct reaction between reduced proteins and GSNO or as a result of denitrosylation of S-nitrosylated proteins by reduced GSH. These observations suggest new concepts regarding the cellular origins of protein-glutathione mixed disulfides and their role in the spectrum of thiol-based protein modifications induced by NO. A preliminary report of these findings has been previously published (26) .
MATERIALS AND METHODS

Animal models and care
These studies were performed in accordance with the guidelines of the Animal Care and Use Committee of the University of Louisville (KY) School of Medicine. The iNOS transgenic mice expressing iNOS under the control of the ␣-myosin heavy chain (␣MHC) promoter were developed and characterized as described previously (27) .
Cell culture experiments
Primary rat aortic smooth muscle cells (RASM) or COS-7 cells were grown to 80% confluency in Dulbecco's modified Eagle's medium (Life Technologies-Invitrogen) supplemented with 10% FBS and 0.1% streptomycin/penicillin. At 80% confluency, the growth medium was removed and the cells were washed twice with Hanks' balanced salt solution (HBSS). S-nitroso-N-acetyl-d,l-penicillamine (SNAP; Molecular Probes) was added to each flask in varying concentrations using equal volumes of DMSO as vehicle control. After treatment, cells were washed once in fresh HBSS and then scraped with a rubber policeman in homogenization buffer. For immunocytochemistry, cells were grown on multiwell glass slides and after treatment were fixed in ice-cold 100% acetone and immunostained as described below. For biochemical analyses, the cells were harvested in homogenization buffer containing (in mM) 25 HEPES (pH 7.0), 150 NaCl, 5 EDTA, 5 EGTA, 5 NaF, 2 NaVO 3 , 50 N-ethylmaleimide (NEM), and 1:100 protease inhibitor cocktail. Cell suspensions were lysed by sonication, and homogenates were centrifuged at 2000 g for 15 min at 4°C. Total protein concentration was measured by a modified Lowry method (28) .
Vascular reactivity studies
Male Sprague-Dawley rats (10 -12 wk, 250 -350 g, Harlan; Indianapolis, IN) were anesthetized with sodium pentobarbital (60 mg/kg ip), and the descending thoracic aorta was excised and placed into aerated buffer containing: (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 12.5 NaHCO 3 , and 11.1 glucose (Glc). The aorta was cleaned of its connective and fat tissues and cut into 4 mm thick rings. The rings were mounted on triangular steel wire holders, placed into jacketed glass organ chambers at 37°C under a passive tension of 1 g, and constantly aerated with a 95% O 2 -5% CO 2 mixture. The contraction and relaxation of the rings were measured with FT03 force displacement transducers and recorded using Chart software (ADInstruments). NO-mediated vascular tone was assessed by recording relaxation induced by ACh (1 M) on aortic rings pre-equilibrated in the presence or absence of 100 M N -nitro-l-arginine methyl ester (l-NAME) hydrochloride and precontracted with phenylephrine (1 M). After contraction/relaxation, the rings were either snap-frozen in liquid N 2 or fixed in formalin. Aortic rings were homogenized in a glass homogenizer in the same buffer as cultured cells with the addition of 0.1% Triton X-100.
Western blot, immunocytochemistry, immunohistochemistry, and immunoprecipitation
Monoclonal antibodies recognizing glutathiolated proteins (anti-PSSG Ab) were obtained from Virogen (Watertown, MA) and diluted to 1:500 for immunoblotting. Immunoreactivity was visualized by chemiluminescence using a Typhoon 9400 detector (Amersham Biosciences), and the intensity of resulting bands was analyzed with ImageQuantTL software (Amersham Biosciences). For immunocytochemistry, cells were fixed in 100% acetone, washed with PBS, and then incubated in PBS containing 10% goat serum for 30 min, primary anti-PSSG antibodies overnight, and fluorescent secondary antibodies (Alexa-488, Molecular Probes) for 2 h at room temperature. The slides were then rinsed with PBS and mounted with a coverslip using Fluorsave reagent (Calbiochem). For immunohistochemical analysis, rat aortic rings were fixed in formalin and stored in 70% EtOH. The rings were immunostained with a 1:200 dilution of anti-PSSG antibodies. Fluorescent and phase contrast pictures of cells were acquired using a Zeiss LSM 510 microscope using a ϫ63 water immersion objective. Images of aortic rings were acquired on a Nikon Eclipse E600 microscope with a ϫ20 objective using a Spot Insight QE camera. Immunostaining in aortic rings was quantified using Metamorph software. Glutathiolated proteins were immunoprecipitated with anti-PSSG antibodies using a protein immunoprecipitation assay kit (Sigma) from cells homogenized in the nonreducing buffer described above. Mouse hearts from WT and iNOS-TG mice were glass homogenized in 50 mM Tris, pH 7.4, containing 250 mM sucrose, 10 mM iodoacetic acid (IAA), and 1% protease inhibitor cocktail. The homogenates were centrifuged at 14,000 g for 15 min at 4°C, and the supernatant was incubated in the dark for 1 h at room temperature. The homogenate was then passed through a Sephadex G25 (PD-10) column to remove excess IAA, and the glutathiolated proteins were immunoprecipitated with the anti-PSSG Ab. Nonspecific mouse IgG served as a control for the immunoprecipitations. The proteins were eluted by boiling the agarose beads in Laemmli buffer containing 50 mM NEM. The proteins were separated by nonreducing SDS-PAGE and visualized by silver staining.
Identification of glutathiolated proteins
Trichloroacetic acid (10% v/v) was added to aortic ring homogenates, and protein pellets were resuspended in 2D sample buffer, pH 6.8, containing 20 mM Tris, 8 M urea, and 1 mM EDTA. Proteins (40 g) were focused on pH 5-8 IPG strips (Bio-Rad) and separated by SDS-PAGE. Parallel gels were developed for either immunoblot analysis or Sypro Ruby staining. To obtain peptides for matrix assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF/MS), protein spots that were immunoreactive with anti-PSSG antibodies were excised from parallel Sypro Rubystained gels and digested with trypsin using a modified version of the method described by Jensen et al. (29) . Additionally, protein bands from anti-PSSG immunoprecipitates were excised, digested, and analyzed by MALDI-TOF/ MS. Peptide masses obtained by MALDI-TOF/MS analysis were used to search the National Center for Biotechnology Information (NCBI) database to identify the parent protein (30) .
Electrospray-ionization mass spectrometry analysis
Rabbit skeletal muscle actin (Sigma) was reduced with 100 mM DTT and then excess DTT was removed by gel filtration on a Sephadex G-25 PD-10 column in 20 mM Tris, pH 7.5. The protein was then incubated with varying concentrations of GSNO or oxidized GSH (GSSG) for 1 h at 25°C. The protein was desalted again by gel filtration in 10 mM ammonium acetate and diluted in acetonitrile-water-acetic acid Myocardial NO x and iNOS activity measurements NOS activity was determined by measuring the conversion of l-[
14 C]arginine to l-[ 14 C]citrulline as described by Bredt and Snyder (31) . For measuring NO x , tissue samples were homogenized in a buffer containing 25 mM Tris⅐HCl (pH 7.5), 0.5 M EDTA, and 0.5 M EGTA and centrifuged at 14,000 g for 15 min, and the resulting supernatants were collected as cytosolic fractions. The supernatants were loaded onto a Centricon-30 filter and centrifuged to remove molecules Ͻ30 kDa. Nitrite was assayed using the Griess reaction. Nitrate content was determined after conversion of nitrate to nitrite with Aspergillus nitrate reductase.
Statistical analysis
Data are reported as mean Ϯ se. Comparisons between two groups were performed by unpaired Student's t-tests. A P value of Ͻ 0.05 was considered statistically significant.
RESULTS
Exogenous NO induces saturable and reversible glutathiolation in specific proteins
To examine NO-mediated changes in protein glutathiolation, COS-7 cells were incubated with 0.5-2.0 mM SNAP (corresponding to a cumulative concentration of NO of 12-48 M) for 30 min. The cells were lysed, and total protein-glutathione formation was assessed by immunoblotting using monoclonal anti-PSSG antibodies that have been previously shown to selectively recognize glutathiolated proteins (32) (33) (34) (35) . In our studies, these antibodies recognized proteins (aldose reductase, creatine kinase, and glyceraldehyde-3-phosphate dehydrogenase) glutathiolated with 5 mM GSSG but not the same proteins treated with cystine. Treatment with DTT abolished the reactivity of the GSSG-modified proteins (data not shown), indicating that the antibodies recognized only the glutathiolated form of proteins. As shown in Fig. 1A , incubation with SNAP led to a dose-dependent increase in immunoreactivity over the vehicle control. In unstimulated cells only basal levels of glutathiolated proteins were observed ( Fig. 1Ba ), whereas treatment with SNAP led to the significant increase in Ab reactivity of multiple protein bands corresponding to 37, 50, and 75 kDa (Fig. 1Ba ). This increase depended on SNAP concentration (Fig. 1B, b) . However, prolonged incubation of the cells led to a time-dependent decrease in immunoreactivity, and after 60 -120 min of incubation in the presence of SNAP, glutathiolation was at or below the levels observed before treatment (Fig. 1C, a) . Furthermore, no change in cell viability was observed (data not shown). Removal of SNAP after 30 min of exposure accelerated the loss of glutathiolated proteins. For instance, the 37 kDa protein was completely deglutathiolated 30 min after SNAP removal (Fig. 1C, b) . To rule out the possibility that GSH is adducted to proteins during cell lysis, the SNAP-treated cells were fixed immediately after treatment and stained with anti-PSSG antibodies. Cells treated with diamide, a thiol reagent that increases PSSG formation (36) , were used as positive controls. As shown in Fig. 1D , the SNAP-treated cells were stained more intensely than the vehicle-treated cells, although significantly less than the diamide-treated cells.
In addition to COS-7 cells, NO also induced a dose-dependent increase in protein glutathiolation in primary rat aortic smooth muscle (RASM) cells. Incubation of these cells with SNAP led to a dose-dependent increase in PSSG formation (Fig. 1E, top inset) . Also, incubation of these cells with the nonthiol NO donor spermine NONOate resulted in similar levels of glutathiolation (data not shown). Pooled data from three sets of gels could be well described by a simple binding isotherm with a K 1/2 of 3 mM SNAP (Fig. 1E ). Pretreatment of the cells with the guanylate cyclase inhibitor 1H- [1, 2, 4] oxadiazolo-[4,3-a]quinoxalin-1-one did not significantly change NO-induced glutathiolation (data not shown) indicating that it is a cGMP-independent process. To identify the specific proteins that are glutathiolated in the presence of NO, immunoprecipitates of lysates prepared from SNAP-treated RASM cells were separated by SDS-PAGE. After silver staining, the most intense bands of 42 and 75 kDa ( Fig 1E, bottom inset) were excised, digested by trypsin, reduced by DTT, and identified by MALDI-TOF/MS. As listed in Table 1 , the two most glutathiolated proteins in SNAP-treated cells were identified to be heat shock protein 70 (HSP70) and ␤-actin. Taken together, these data indicate that exposure to exogenous NO increases glutathiolation of a specific set of proteins in cells in culture. This modification was induced in intact cells and was saturable and reversible even in the continued presence of the NO donor.
NO-dependent vascular relaxation induces protein glutathiolation
To examine the role of eNOS, we examined protein glutathiolation in arterial rings during ACh-induced relaxation. For this, rat aortic rings were preincubated in the presence or absence of the NOS inhibitor l-NAME and then precontracted with phenylephrine. The rings were then treated with ACh to stimulate eNOS. Representative tracings are shown in Fig. 2A . After addition of ACh, the aortas were allowed to relax for 10 min (rings with irregular relaxation or Ͻ40% relaxation were not used) and then removed from the organ baths and either frozen in liquid N 2 or fixed in formalin. As shown in Fig. 2B , sections from untreated vessels displayed relatively low levels of glutathiolated *Mowse score is a probability based implementation of Mowse algorithm (30) . Score is 10*Log(P), where P is probability that observed match is a random event. Protein scores Ͼ63 were considered significant (PϽ0.05).
proteins as assessed by immunostaining with anti-PSSG antibodies. However, the ACh-treated vessels displayed a significant increase in PSSG staining that was abolished on pretreatment with l-NAME (Fig. 2C) . The ACh-induced increase in PSSG formation was also evident by immunoblot analysis, which revealed an increase in immunoreactivity of the total protein extract from ACh-treated rings (Fig. 2D) . The increase in immunoreactivity by ACh was prevented in rings pretreated with l-NAME and was abolished when the homogenates were treated with ␤-mercaptoethanol (Fig. 2D, inset) , indicating increased eNOS-dependent glutathiolation in aortic rings.
To identify arterial proteins glutathiolated upon stimulation of eNOS, extracts of aorta treated with ACh in the absence and the presence of l-NAME were separated by nonreducing 2D SDS-PAGE followed by immunoblot using anti-PSSG antibodies. Immunopositive spots were excised from parallel Sypro Ruby-stained gels, and proteins were identified by MALDI-TOF/MS analysis. As shown in Fig. 2E , a, multiple immunopositive spots were observed on 2D Western blots, the intensity of which was much less in l-NAME pretreated rings (Fig. 2E, b) , indicating NO-specific protein modification. Excision and MALDI-TOF/MS analysis of the l-NAME-responsive spots led to the detection of six proteins, four of which were identified as ␣-actin. Multiple spots, corresponding to monomers and dimers of actin, were observed, and extensive sequence coverage and significant MOWSE scores suggest unambiguous protein identification ( Table 2) . Spots 1 through 4 were confirmed to be actin by transblotting the proteins with anti-actin antibodies (Fig. 2E, a, inset) . In addition to actin, vimentin and HSP70 were also identified as proteins that displayed positive immunoreactivity with anti-PSSG antibodies (Table 2) .
Glutathiolation results from direct modification of proteins by GSNO or denitrosylation
To delineate the mechanisms by which NO promotes protein glutathiolation, we examined the reactivity of actin, which was glutathiolated by NO in cells in culture (Table 1 ) and isolated aortic rings (Table 2 ). To determine whether actin is modified by nitrosothiols, we incubated purified skeletal muscle actin with 1 mM GSNO for 1 h at 25°C. The charge states of actin obtained on electrospray-ionization mass spectrometry of the modified protein converged to molecular masses of 41, 887 and 42, 193 Da (Fig. 3A, a) . The 41,887 peak was ascribed to native actin, while the peak with a high mass (ϩ305 Da) was assigned to glutathiolated actin. Thus under the experimental conditions used, modification of actin by GSNO results in the adduction of a single GSH molecule to the protein. In contrast, incubation with 1 mM GSSG did not increase the molecular mass of actin, indicating that actin was not glutathiolated by GSSG. Glutathiolation of actin was confirmed by Western analysis, which showed a concentration-dependent increase in actin glutathiolation by GSNO. In contrast, GSSG-treated actin showed only weak immunoreactivity at 1 mM GSSG concentration (Fig. 3B) . Interestingly, no nitrosylated actin was observed with the GSNOtreated protein. To ensure that this was not due to the breakdown of the actin-NO bond during mass spectrometry, reduced actin was incubated with a nonthiol Figure 2 . Stimulation of eNOS increases protein glutathiolation. A) Vascular tone of isolated rings prepared from rat aorta precontracted by phenylephrine (PE, 1 M) and stimulated by ACh (1 M) in the absence or the presence of 100 M l-NAME. Control rings were equilibrated in buffer alone. B) Photomicrographs of untreated rings (Control) or rings treated with ACh ϩ l-NAME. Rings were fixed and stained with the anti-PSSG Ab. C) Relative intensity of anti-PSSG Ab staining in rings treated with ACh Ϯ l-NAME. Staining intensity was quantified using Metamorph software and normalized to that of buffer-incubated rings. D) Intensity of immunoblots from homogenates of aortic rings that were either left untreated (Control) or treated with ACh Ϯ l-NAME. Glutathiolated proteins were detected by immunoblotting with anti-PSSG antibodies. Inset) Images of blots developed using anti-PSSG Ab after treatment with ␤-mercaptoethanol (BME). E) 2D Western blots of aortic rings precontracted with PE and relaxed with ACh in the absence (a) or presence (b) of l-NAME. Whole tissue extracts were subjected to 2D electrophoresis, and glutathiolated proteins were detected by anti-PSSG antibodies. a, Inset) Same blot after stripping and reprobing for smooth muscle actin. Proteins 1-6 were excised from corresponding Sypro Ruby-stained gels and identified by MALDI-TOF/MS (Table 2 ). Data are representative of 4 individual experiments. Bars are mean Ϯ se; *P Ͻ 0.05 vs. control; **P Ͻ 0.01 vs. ACh.
NO-donor, spermine NONOate (NOC-22). As shown in Fig. 3A , c, NOC-22 induced extensive nitrosylation of actin which is evident from the multiple ϩ29 Da molecular mass peaks. Collectively, these data indicate that actin is not only more avidly glutathiolated by GSNO than GSSG but that it is not S-nitrosylated by GSNO.
To determine whether glutathiolated proteins could be generated during reduction of S-nitrosylated proteins by GSH, actin was first nitrosylated by incubating the protein with NOC-22, desalted, and then incubated with GSH. The glutathiolated form of the protein was identified by immunoblot analysis. As shown in Fig. 3C , incubation of reduced actin with GSH did not induce protein glutathiolation; however, nitrosylated actin was readily glutathiolated by GSH, suggesting that in addition to direct glutathiolation by GSNO, actin could also be glutathiolated during GSH-assisted protein denitrosylation. *Mowse score is a probability based implementation of Mowse algorithm (30) . Score is 10*Log(P), where P is the probability that observed match is a random event. Protein scores Ͼ63 were considered significant (PϽ0.05). Figure 3 . Mechanisms of glutathiolation of actin in vitro. A) Deconvoluted ESI-mass spectra of rabbit skeletal muscle actin incubated with GSNO (a), GSSG (b), or NOC-22 (c). Purified rabbit skeletal muscle actin (7 M) was incubated with indicated reagents at 1 mM concentrations as described, and modified actin was desalted on a Sephadex G25 (PD-10) column and analyzed by ESI/MS. B) Western blots of actin incubated with indicated concentrations of GSNO and GSSG using anti-PSSG antibodies. C) Immunoblot analysis of glutathiolated actin. Purified actin was incubated with NOC-22 and, after desalting, nitrosylated actin was incubated without (ϩNOC-22) or with GSH (NOC-22ϩGSH). As a control, naive actin was incubated with GSH (GSH). Samples were added to SDS-PAGE Laemmli buffer containing 50 mM NEM and electrophoresed on a 12% denaturing gel under nonreducing conditions. Glutathiolated actin was detected using the anti-PSSG Ab.
Overexpression of iNOS increases protein glutathiolation
To determine whether an increase in iNOS activity increases protein glutathiolation in situ, we used transgenic mice that express the iNOS gene specifically in the heart under control of the ␣-myosin heavy chain promoter. These mice are healthy, and their cardiovascular function as measured by echocardiography is normal (data not shown). These animals display a significant increase in myocardial NO production compared with wild-type animals as evinced by NO x levels (Fig. 4A, a) in the heart, due to a significant increase in iNOS activity compared with WT animals (Fig. 4A, b) . Western analysis of whole heart homogenates of iNOS-TG mice showed a much higher level of positive immunoreactivity than their WT littermates. Particularly intense staining was observed with protein bands of Ϸ30, 50, and 120 kDa, although high reactivity was also observed with high MW proteins (Ͼ250 kDa; Fig.  4B ). MALDI-TOF/MS analysis led to the identification of the proteins immunoprecipitated from the iNOS-TG hearts ( Table 3 ). The intense immunopositive bands at 33 and 51 kDa were identified to be the adenine nt translocator (ANT; Fig 4C, a) and the ␣-subunit of the F 1 F 0 ATPase. Peptides from these proteins displayed an increase in their expected mass by 305 Da, indicating that they were adducted to a single GSH molecule (Fig  4C, b; Table 3 ). These observations further validate the efficacy of the anti-PSSG Ab in identifying glutathiolated proteins and additionally provide direct evidence for protein glutathiolation in situ in hearts overexpressing iNOS.
DISCUSSION
The results of this study show that NO regulates the formation of protein-glutathione mixed disulfides. Our data demonstrate that exposure to exogenous NO increases glutathiolation in several cell types and that glutathiolation could also be induced by endogenous NO generated by either eNOS or iNOS, suggesting that NO could regulate protein glutathiolation via both autocrine and paracrine mechanisms. In our analysis, some proteins seem to be preferentially glutathiolated by NO; therefore, glutathiolation does not appear to be an inevitable consequence of NO reacting indiscriminately with protein thiols. NO-induced protein glutathiolation was saturable and reversible, indicating that glutathiolation is a regulated mechanism by which NO induces posttranslational modification of proteins with reactive cysteine residues.
Glutathiolation of proteins by NO is likely to be of functional significance. Previous studies have shown that NO-dependent glutathiolation of aldose reductase decreases the reduction of Glc to sorbitol (37) , and glutathiolation of the calcium release channel upon stimulation of eNOS inhibits its activity (25) . In the present study, increased glutathiolation was also observed in iNOS-TG hearts demonstrating that NO stimulates protein glutathiolation in situ and under basal oxygen concentrations. These observations suggest that NO-induced glutathiolation is not dependent on the high oxygen concentrations that prevail in isolated tissue experiments or cells in culture. Collectively, these data are in accordance with the view that NO is a physiological regulator of protein glutathiolation. 
WT; nϭ6). B)
Western blot developed from heart homogenates of WT and iNOS-TG mice using anti-PSSG antibodies (nϭ4 hearts per group). C) MALDI-TOF mass spectra of peptides obtained from tryptic digestion of the glutathiolated proteins recovered from gel. a) Silver stain of the 33 kDa region that was immunoprecipitated from WT or iNOS-TG mice with either nonspecific IgG (NS) or the anti-PSSG Ab (PSSG). Proteins immunoprecipitated by the anti-PSSG Ab from iNOS-TG mice were excised, digested with trypsin, and analyzed by MALDI-TOF/MS. Peptide matching of peptides from the adenine nt transporter (ANT; b) and the ATP synthase-␣ alpha subunit displayed peptide masses consistent with a single GSH adduct. Results from immunoprecipitation experiments are summarized in Table 3 .
Glutathiolated proteins have been detected under a variety of physiological and pathological conditions, and it has been estimated that 3% of all proteins remain bound to GSH under basal conditions (18, 38, 39) . Protein-glutathione adducts accumulate during oxidative stress (38, 39) , and an increased abundance of glutathiolated proteins has been reported in ischemic hearts (40) , stimulated neutrophils (41), and cataractous lenses (42) . Proteins are also glutathiolated by specific signaling events such as epidermal growth factor (EGF)-induced glutathiolation of protein-tyrosine phosphatase 1B (43), TNF␣-mediated glutathiolation of thioredoxin peroxidase II and annexin II (44) , and the glutathiolation of Ras by angiotensin II (45) . In addition, several enzymes, such as glutaredoxin, thioredoxin, and protein disulfide isomerase, have been shown to catalyze deglutathiolation of proteins (18, 46) , suggesting that protein glutathiolation is a highly regulated and reversible posttranslational mechanism. Under basal conditions, addition or removal of GSH could regulate protein function, whereas under oxidative stress this modification could protect protein thiols from irreversible oxidation by providing a "glutathione cap." However, the physiological and pathological significance of this form of post-translational modification remains to be fully assessed. In particular, it remains unclear how glutathiolated proteins are generated and to what extent they contribute to cell signaling and cytoprotection.
The most straightforward mechanism for the generation of S-glutathiolated proteins is a direct thioldisulfide exchange reaction between protein thiols and GSSG. Indeed, for many years this was considered to be the sole mechanism for the generation of glutathiolated proteins (47) . However, in most cells the concentration of GSSG is 10-to 100-fold lower than that of GSH (48) , thereby making glutathiolation of proteins under basal conditions thermodynamically and kinetically unlikely (47) . Moreover, during oxidative stress, most of the GSSG formed from oxidation of GSH is actively extruded (48) , and therefore it does not readily accumulate (to levels higher than the K m of the GSSG transporter) in metabolically active cells. Additionally, GSSG is a poor glutathiolating agent and does not readily glutathiolate proteins even when incubated with proteins with highly reactive cysteines such as calbindin and CuZnSOD (49) and, as shown here (Fig. 3) , actin. Thus, even if GSSG could accumulate to levels exceeding those of GSH, it is unlikely to glutathiolate these proteins.
If direct thiol-disulfide exchange with GSSG is unlikely, what could account for the abundance of glutathiolated proteins in most tissues? It has been suggested that during oxidative stress GSSG could be oxidized to GSH thiosulfinate [GS(O)GS)], which is a more potent glutathiolating agent than GSSG (49) . However, in a manner similar to GSSG, GS(O)SG is also likely to be readily extruded from cells. Moreover, it is currently unclear whether this species is generated in vivo and whether it accumulates in cells in concentrations high enough to glutathiolate susceptible proteins. As an alternative or additional mechanism, we propose that NO could regulate protein glutathiolation at least in tissues that are exposed to NO in vivo (Fig. 5) .
One possible mechanism by which NO induces protein glutathiolation may relate to direct reactivity of GSNO with protein thiols. GSNO is the most abundant nonprotein thiol in cells (50) , and it could glutathiolate proteins (PSH) by undergoing a group transfer reaction involving an N-hydroxysulfenamide-like intermediate (20) :
The reaction of GSNO leading to the formation of protein-glutathione mixed disulfide was first demonstrated with aldose reductase (22) , and the N-hydroxysulfenamide-like complex between aldose reductase and nitrosothiols has been observed by mass spectrometry (51) . Several other proteins including cathespin K (24), glyceraldehyde-3-phosphate dehydrogenase (52), papain (53) , and caspase-3 (54) have also been shown to be directly glutathiolated by GSNO. Supporting a role of GSNO in glutathiolating proteins, our current studies show direct glutathiolation of actin by GSNO at concentrations much lower than GSSG (Fig. 3) . Other proteins have also been shown to be preferentially a Hearts from iNOS-TG mice were homogenized in buffer containing iodoacetic acid (IAA). Proteins were immunoprecipitated with anti-PSSG antibodies, separated by nonreducing SDS-PAGE, stained with silver stain, digested with trypsin, and analyzed by MALDI-TOF/MS. Glutathiolated peptides were identified with the NCBI database found at the Matrix Science web site (www.matrixscience.com) by an increase in molecular mass of peptides containing Cys (PSSG: ϩC 10 H 15 N 3 O 6 SϷ305 Da). Analysis took into account potential alkylation of cysteine residues by IAA and methionine oxidation.
glutathiolated by GSNO rather than GSSG (18, 22, 49) . Taken together, this evidence supports the notion that under some conditions thiol transfer by nitrosothiols may be kinetically more efficient than direct thioldisulfide exchange. Nevertheless, whether direct addition of GSNO accounts for NO-induced protein glutathiolation remains to be established. In our in vitro studies, actin was glutathiolated by GSNO only at concentrations exceeding 100 M. In other studies, a concentration range of 50 -400 M GSNO was used to glutathiolate proteins (22, 24, (52) (53) (54) . Although this is higher than the bulk concentration of GSNO expected to be present in most cells, it is possible that endogenous protein glutathiolation is facilitated by localized generation of GSNO at privileged sites close to the protein or catalyzed by neighboring metal complexes and proteins such as ceruloplasmin (55), hemoglobin (56) , and possibly myoglobin.
Intracellular proteins could also be glutathiolated by GSNO generated from the reaction between GSH and peroxynitrite. Indeed, the work of Adachi et al. (25) , showing that the glutathiolation of SERCA is prevented by superoxide scavengers demonstrates that peroxynitrite may be a critical mediator of NO-induced protein glutathiolation. Although peroxynitrite is a poor nitrosylating agent, it could oxidize cysteine residues of proteins or GSH to oxy-sulfenic acids (57) , which readily form mixed disulfides (58) . As shown here, however, proteins could also be glutathiolated directly by GSNO or during denitrosylation by GSH, without the involvement of peroxynitrite, suggesting that there may be peroxynitrite-dependent and -independent pathways of protein glutathiolation. Additional work is required to further delineate the contribution of these pathways under specific physiological and pathological conditions.
Although nitrosylation is an established posttranslational modification, less is known about denitrosylation. Previous studies suggest that proteins could be denitrosylated by thioredoxin and protein-disulfide isomerase (17) , and our current data indicate that glutathiolation may be another fate of nitrosylated proteins. Reduced GSH could react with nitrosylated proteins to form a protein-glutathione mixed disulfide:
This possibility is suggested by our observation that incubation of nitrosylated actin with GSH led to the appearance of actin-SSG (Fig. 3) . However, in vivo this reaction will compete with transnitrosylation:
Previous studies suggest that GSNO is in equilibrium with nitrosylated proteins since inhibition of GSNO reduction in GSNO reductase-null mice increases protein nitrosylation (59) . We propose that glutathiolation may represent one mechanism of protein-denitrosylation that regulates the equilibrium between nitrosylated proteins and GSNO, where the free GSNO formed could feed into protein glutathiolation (Eq. 1).
In any case, GSH-assisted denitrosylation would be advantageous in regulating the signaling functions of nitrosylation, since it builds in a refractory period that could be variably regulated (for the same reason inactivation and recovery from inactivation are the most regulated steps in ion conductance; ref 60) . Similarly, recovery of nitrosylated proteins could be controlled by the activity of dethiolating enzymes, GSH levels, and the prevailing redox state, thus linking cell signaling to intermediary metabolism and the generation of reactive oxygen species. Moreover, removing NO and restoring basal protein function are consistent with the cytoprotective and homeostasis-maintaining role of reduced GSH (48) . Finally, the subset of proteins identified in our study (heat shock protein, vimentin, and actin) is similar to the recently identified set of nitrosylated proteins in endothelial cells treated with NO donors (61) , suggesting that glutathiolation is a significant fate of nitrosylated proteins. The role of protein-glutathiolation (and subsequent dethiolation) in NO signaling is also consistent with the predominant modification of heat shock protein and cytoskeletal proteins such as vimentin and actin. Glutathiolated actin has been detected in many cells including neutrophils on stimulation of the respiratory burst (62) and gastric mucosal cells (63) , T cells (36) , hepatocytes, HepG2 cells (64) , and erythrocytes (65) exposed to peroxide. The appearance of glutathiolated actin is also associated with many pathological conditions that are associated with oxidative stress such as myocardial ischemia-reperfusion (40) , sickle cell disease (66) , and Friedreich's ataxia (33) . Hence, gluta- Figure 5 . Proposed mechanism of NO-mediated glutathiolation. NO generated from eNOS or iNOS S-nitrosylates proteins (PSH) and reduced GSH could assist in the denitrosylation and the glutathiolation of specific proteins. Alternatively, GSNO may directly glutathiolate target proteins. Glutathiolation could regulate protein function and/or protect protein thiols from irreversible oxidation.
thiolation of actin could be one of the mechanisms by which NO disrupts the cytoskeleton and induces actin disassembly (67, 68) .
NO-induced glutathiolation of proteins other than actin could also be functionally important. HSP70 for instance is glutathiolated in vitro (69) and during oxidative stress (36) , and glutathiolation has been shown to convert the protein into an active chaperone (69) . Similarly, glutathiolation of ANT at Cys-57 in iNOS-TG hearts may be related to the mechanism by which NO regulates mitochondrial permeability transition (70) , which is currently believed to be a key step in both apoptotic and necrotic cell death pathways (71) . Mitochondrial permeability transition is preceded by the formation of a permeability pore via ANT and cyclophilin D interaction (72) . Cysteine-57 of ANT is located on the matrix face of the protein at the cyclophilin binding site (73) . Hence, glutathiolation of ANT at Cys-57 could prevent MPT and therefore contribute to the antiapoptotic effects of NO.
The proteins that we found to be glutathiolated in both cells and tissues are likely to be the most abundant of a set of modified proteins. There may be additional proteins that were modified but not identified in our analysis. Importantly, we found that proteins glutathiolated in the rat aorta were different from those glutathiolated in iNOS-TG mouse hearts, suggesting that the specific protein modified may depend on the tissue or cell type or the proximity of the protein to the source of NO generation. Clearly, much additional work is required to identify other proteins that are modified in cells exposed to NO and how iNOS and eNOS cause differential protein glutathiolation. Nonetheless, data presented here support the view that increased NO generation increases glutathiolation of several proteins, which could result in multiple, tissue-specific changes.
In summary, our results with multiple experimental systems suggest that NO-mediated protein glutathiolation may be a sensitive, reversible, and regulated posttranslational mechanism. Additionally, we speculate that NO-mediated glutathiolation may be a regulatable step in denitrosylation of proteins, a protective strategy to prevent irreversible thiol oxidation, or a distinct signaling event in its own right. Additional investigations are required to ascertain fully the physiological significance of protein glutathiolation by NO.
protein modification. MALDI-TOF/MS analysis of the NO-responsive spots led to the detection of six proteins, four of which were identified as ␣-actin. The presence of actin in these spots was confirmed by Western analysis using anti-actin antibodies (Fig. 1E,  inset) . Other spots were assigned to vimentin and HSP70.
Actin is glutathiolated by S-nitrosoglutathione or by the addition of reduced GSH to S-nitrosylated protein
Because actin was glutathiolated by NO in cultured cells and in isolated aortic rings, we examined the mechanism of protein glutathiolation using actin as a model protein.
Purified skeletal muscle actin was reduced by DTT and incubated with 1 mM S-nitrosoglutathione (GSNO) for 1 h at 25°C. ESI ϩ /MS analysis of the modified preparation revealed molecular masses of 41,887 and 42,193 Da ( Fig. 2A, a) , which were ascribed to native actin and actin bound to a single molecule of GSH (ϩ305 Da). In contrast, incubation with 1 mM oxidized GSH (GSSG) did not cause actin glutathiolation (Fig. 2A, b) . Preferential glutathiolation of actin by GSNO was also demonstrated by Western analysis, which showed intense anti-PSSG Ab positive bands with GSNO-but not GSSG-treated actin (Fig. 2B) . No nitrosylation was observed when actin was treated with GSNO. To ensure that this was not due to the breakdown of the actin-NO bond during mass spectrometry, reduced actin was incubated with the nonthiol NO donor spermine NONOate (NOC-22). As shown in Fig.  2A , c, NOC-22 induced extensive nitrosylation of actin as indicated by multiple ϩ29 Da peaks. These data indicate that instead of S-nitrosylation, the reaction of actin with GSNO leads to S-glutathiolation of the protein. Significantly, GSNO was more potent in glutathiolating actin than GSSG.
To determine whether glutathiolated proteins could be generated by reaction of reduced GSH with S-nitrosylated proteins, actin was nitrosylated by incubating with NOC-22, and then treated with GSH. Treat- Figure 2 . Mechanisms of glutathiolation of actin in vitro. A) ESI-mass spectra of rabbit skeletal muscle incubated with GSNO (a), GSSG (b), or NOC-22 (c). Purified rabbit skeletal muscle actin (7 M) was incubated with 1 mM of the indicated reagents, desalted, and analyzed by ESI/MS. B) Western blots of actin incubated with the indicated concentrations of GSNO and GSSG using anti-PSSG antibodies. C) Immunoblot analysis of glutathiolated actin. Purified actin was incubated with NOC-22, and after desalting, nitrosylated actin was incubated without or with GSH (NOC-22ϩGSH). As a control, naive actin was incubated with GSH. Samples were treated with 50 mM NEM before electrophoresis and Western blotting with the anti-PSSG Ab. , 1 M) in the absence or the presence of 100 M l-NAME. Control rings were equilibrated in buffer alone. B) Photomicrographs of untreated rings (Control) or rings treated with ACh or ACh ϩ l-NAME). Rings were fixed and stained with the anti-PSSG Ab. C) Relative intensity of anti-PSSG Ab staining in rings treated with ACh Ϯ l-NAME. Staining intensity was quantified using Metamorph software and normalized to that of buffer-incubated rings. D) Intensity of immunoblots from homogenates of aortic rings that were either left untreated (Control) or treated with ACh Ϯ l-NAME. Glutathiolated proteins were detected by immunoblotting with anti-PSSG antibodies. Inset shows images of blots developed using anti-PSSG Ab after treatment with ␤-mercaptoethanol (BME). E) Two-dimensional Western blots of aortic rings precontracted with PE and relaxed with ACh in the absence (a) or presence (b) of l-NAME. Whole tissue extracts were subjected to 2D electrophoresis, and glutathiolated proteins were detected by anti-PSSG antibodies. a, Inset) Same blot after stripping and reprobing for smooth muscle actin. Proteins 1-6 were excised from corresponding Sypro Ruby-stained gels and identified by MALDI-TOF/MS. Data are representative of 4 individual experiments. Bars are mean Ϯ se; *P Ͻ 0.05 vs. control; **P Ͻ 0.01 vs. ACh. ment with GSH alone did not induce protein glutathiolation; however, nitrosylated actin was readily glutathiolated by GSH (Fig. 2C) .
Overexpression of inducible NOS in the heart increases protein glutathiolation
To examine the role of inducible NOS (iNOS) in protein glutathiolation, we used cardiac-specific iNOS transgenic mice (NOS-TG). Western analysis iNOS-TG hearts showed enhanced protein immunoreactivity with anti-PSSG antibodies compared with homogenates of wild-type (WT) littermates. Intense staining was observed with protein bands of 30, 50, 120, and Ͼ250 kDa. MALDI-TOF/MS analysis led to the identification of the adenine nucleotide translocator (ANT) and the ␣-subunit of the F 1 F 0 -ATPase, both of which displayed peptides with a 305 Da increase in mass, indicating adduction with a single GSH molecule. These results show that elevation of iNOS expression in the heart induces glutathiolation of mitochondrial proteins.
CONCLUSIONS AND SIGNIFICANCE
The results of this study show that NO is a critical regulator of protein glutathiolation. In several types of cells and tissues, treatment with NO donors or increasing endogenous NO production increased protein glutathiolation, suggesting that this is a general autocrine and paracrine response to NO. Our data show that NO-induced protein glutathiolation was saturable and reversible and therefore unlikely to be an inevitable consequence of NO reacting indiscriminately with protein thiols. These findings support the notion that NO facilitates the addition of GSH to reactive protein cysteines.
Glutathiolated proteins have been detected under a variety of physiological and pathological conditions, but the mechanism(s) by which GSH binds to proteins is unclear. Previous studies showing that protein glutathiolation is increased under oxidative stress suggest that glutathiolated proteins could arise from thiol transfer reactions between GSSG [or its sulfenic acid form (GSOSG)] and an ionized cysteine. The role of GSOSG as an endogenous glutathiolating agent, however, is unclear. Our results indicate that proteins are preferentially glutathiolated by NO, which could promote glutathiolation by two distinct mechanisms: 1) direct GSNO-mediated protein modification or 2) denitrosylation of S-nitrosylated proteins by GSH or both (Fig. 3) .
Mechanism 1 is supported by observations that GSNO is the most abundant biological nitrosothiol and that it readily glutathiolates proteins in vitro. We found that actin, the most abundantly glutathiolated protein in NO-exposed cells, was stoichiometrically glutathiolated by GSNO. Under the conditions used, GSNO was a more potent glutathiolating agent than GSSG, suggesting that in vivo proteins are more likely to be glutathiolated by GSNO than GSSG. Nevertheless, it remains unclear whether the bulk concentration of GSNO in cells is high enough to induce protein glutathiolation or whether local increases in GSNO are sufficient.
Mechanism 2 is supported by our novel observation that S-nitrosylated actin is glutathiolated by GSH, indicating that proteins could be glutathiolated by GSH-assisted denitrosylation and that glutathiolation is a significant fate of S-nitrosylated proteins. Nitrosylation of proteins, however, could compete with GSNO formation. Although the relative contribution of these two pathways remains to be assessed, the observation that proteins such as actin, vimentin, and HSP70 could be either nitrosylated or glutathiolated suggests that the two modifications are inter-related.
Regardless of specific pathways, our data suggest that NO is an effective regulator of protein glutathiolation in vivo. This is supported by the observation that physiological stimulation of eNOS or increased expression of iNOS in the heart increases protein glutathiolation suggesting a regulatory mechanism common to both NO synthases. Although the full extent of this regulatory axis remains unknown, the small subset of glutathiolated proteins identified here suggests that this modification may be functionally significant. Glutathiolation of actin and vimentin could contribute to cytoskeletal changes caused by NO. Glutathiolation of HSP70 could convert it to an active chaperone, and glutathiolation of ANT could affect its interaction with cyclophilin D, thereby regulating mitochondrial permeability transition. Additional studies are required to ascertain the functional significance of NO-mediated protein glutathiolation reactions. Proposed mechanism of NO-mediated glutathiolation. NO generated from eNOS or iNOS S-nitrosylates proteins (PSH), and reduced GSH could assist in the denitrosylation and the glutathiolation of specific proteins. Alternatively, GSNO may directly glutathiolate target proteins. Glutathiolation could regulate protein function and/or protect protein thiols from irreversible oxidation.
